With the development of solid-state optoelectronic devices based on single self-assembled quantum dots ͑QDs͒ such as nanolasers or single photon sources, evaluation of their individual properties is fundamental. As well as the study of single dot emission, investigation of carrier transport from their generation point in the barrier to their capture and relaxation into QDs is relevant for the improvement of device performances. 1 Time-related properties of carrier transport such as carrier capture time and relaxation time of single QDs have been studied by a few ultrafast and spatially resolved spectroscopy techniques. [2] [3] [4] To determine the carrier diffusion length before QD capture, such techniques require knowing the local carrier diffusion constant or mobility in the material. A direct measurement of the carrier diffusion length is thus attractive. Various techniques have been used to directly determine this property in low dimensional semiconductor structures. [5] [6] [7] [8] [9] [10] However, for self-assembled QD structures, the exciting probe size in most cases is larger than the distance between each dot preventing from any measurement in the vicinity of a single QD.
Here, we propose a low-voltage cathodoluminescence ͑CL͒ method to directly measure the excess carrier diffusion length in the wetting layer ͑WL͒ before capture into one specific QD. Interest in such technique is driven by a high lateral spatial resolution, its contactless character, and its ease of use without any special sample preparation such as microfabrication of mesas or metal apertures to isolate a single QD. The experimental CL spatial resolution is generally limited by the distance d CL = ͱ p
where p is the electron beam probe diameter, R e is the radius of the in-plane primary electron interaction volume, and L d is the diffusion length of the generated carriers. 11 Using a lowvoltage CL probe beam ͑1 kV͒ and a field emission electron source, we can reduce p and R e toward a quasipoint source in comparison with the diffusion length in III-V bulk semiconductors. Under these conditions, if the CL intensity comes only from one QD's emission, the limited resolution distance becomes the carrier diffusion length before capture into one specific dot. Figure 1 shows the schematic of the experiment. A lowvoltage electron beam generates excess carriers in the barrier layer just below the surface of the QD structure. Most of them relax very rapidly into the WL in the picosecond range, 12 then diffuse through it, 13 and finally get captured into the QDs where they can recombine and emit light. Other carriers are either captured by surface defects near the beam impact or recombine in the barrier and WL. So, we can assume that carrier diffusion takes place mainly in the WL when the scanning electron beam is far from the dot. Furthermore, the density of electron-hole pairs generated in this confined region close to the surface is very high and much greater than the barrier majority carrier concentration. Thus, only ambipolar diffusion lengths of excess carriers in the WL can be determined. The diffusion length is deduced from CL intensity profile I͑R͒ over the QD with R as the distance between the probe and the QD. The investigated structure is made of InAs selfassembled QDs grown by solid-source molecular beam epitaxy on a semi-insulating InP͑001͒ substrate.
14 In order to spatially resolve QD luminescence, a specific growth procedure was implemented to produce diluted QDs, 15 whose density is reduced to about 1 QD/ m 2 . The resulting dots are truncated pyramids with a typical lateral size of 30-40 nm and height of 2-5 nm. The InAs WL below the QDs has a mean thickness of 2 ML. QDs are capped with a thin 20 nm InP layer to allow excess carriers generated near the surface to reach the WL region. CL measurements were performed in a Zeiss Supra 55 VP field emission scanning electron microscope equipped with a continuous helium flow cryostat providing temperature from 5 to 300 K. The luminescence was dispersed by a 30 cm grating monochromator and detected by a cooled InGaAs cathode photomultiplier tube within the 0.3-1.65 m spectral range. CL micrographs were performed using a long pass cutoff filter at 1.1 m and a 1 kV focused electron beam at several probe currents ͑I b ͒. At 1 kV, p is about 3 nm and according to Monte Carlo simulations, 16 electron-hole pairs are injected into sub-10-nm volumes in the InP barrier providing a quasipoint source of carriers. Figure 2 shows a CL image of such an array of InAs/InP QDs obtained at 1 kV, 300 K, and for I b = 3 nA. The bright spots are correlated with the emission of individual dots. This has been confirmed by observing complementary features on WL and QD CL images of the same area at low temperatures and by comparing the density of bright spots with QD density estimated by AFM measurements on an uncapped sample. The measured spectrum of the same sample is presented ͑inset͒. We can clearly see the WL emission around 1 m and the QD emission starting at 1.1 m and extending up to 1.65 m. The dashed area on the image represents the wavelength range removed using the optical filter. Figure 3͑a͒ shows the CL image over a specific region obtained at higher magnification and its related CL intensity profile for I b = 3 nA. When the electron beam is scanned above one QD, the CL signal is nearly constant since carriers are captured efficiently into this dot. For an excitation spot away from the dot, the CL signal decreases since part of the excess carriers recombine in the WL. For ambipolar diffusion of carriers, the local density of electrons and holes is obtained by solving the continuity equation under a steady state regime. If we assume that dots act as perfect sinks, the diffusion current will be more pronounced toward the nearest dot direction. A one-dimensional diffusion equation can then be used to obtain the approximate distribution of carriers from the generated point at r = 0 to the dot position at r = R. This is a well known diffusion problem with trivial limit conditions at r = 0, diffusion current equals generation rate, and at r = R, carrier density in the WL is zero. The carrier diffusion current evaluated at the dot position is given by I͑R͒ ϰ csch͑R / L a ͒, where L a is the ambipolar diffusion length. This expression is valid for R ӷ p , Re, r 0 , the QD radius. We assume that the QD CL signal is linearly proportional to this diffusion current at r = R. The mean L a value is then obtained through the fit of 15 CL intensity profiles across isolated bright spots taken randomly at different sample areas. Figure 3͑b͒ presents mean carrier diffusion length values as a function of probe current and carrier generation rate at 300 K. For the lowest carrier injection at 3 kV and I b =0,42 nA, we found 300Ϯ 50 nm, which is in accordance with another group value 17 taken at low-level injection. It decreases down to 120Ϯ 30 nm and then slightly increases at higher injections. Enhanced nonradiative carrier recombination by Auger processes in the WL is suggested as an explanation for the reduced diffusion length observed at higher excitation current. The slight increase might be attributed to enhanced carrier diffusion into the InP barrier as the WL state filling becomes more important. One can note that the calculated standard deviation ͑⌬L a =50 nm͒ is much larger than the mean deviation in the lateral size of our QD ensemble ͑about 15 nm͒. This high ⌬L a value suggests that there exist local carrier transport inhomogeneities in the WL, most probably resulting from interface roughness, InAs x P ͑1−x͒ alloy composition and strain induced QD size effects. Ambipolar diffusion length is related to the carrier mobility by this L a = ͱ k B T / e expression, where is the carrier lifetime in a WL in the absence of QDs ͑recombina- tion in the dot is taken into account in the boundary condition͒. From low-excitation density time-resolved photoluminescence measurements, Raymond et al. 18 determined a value of about 330 ps in an ultrathin InAs quantum well, comparable in thickness to our WL. If we consider this value for the 300 nm L a measurement obtained at 300 K, we obtain an ambipolar mobility value of about 110Ϯ 10 cm 2 / ͑V s͒. By assuming the same carrier mobility as we increase the current to 3 nA, we obtain from the measured L a value a limited Auger recombination lifetime of about 50 ps.
Mean carrier diffusion lengths have also been measured between 5 and 300 K for I b =3 nA ͑Fig. 4͒. The L a value increases from 120 to 390 nm between 300 and 120 K and then decreases down to 140 nm at 5 K. The carrier mobility also peaks around 100 K in III-V semiconductor quantum wells. 19, 20 Moreover, the carrier lifetime in a thin quantum well is expected to be nearly constant at low temperatures ͑T Ͻ 120 K͒ and to decrease at higher temperatures due to thermal activation of the carriers and recombination into the InP barrier. We thus obtain a fair qualitative agreement with the expected L a ͑T͒ function. It is important to emphasize the fact that the diffusion length increases by only a factor of 3 between 5 and 100 K, whereas an enhancement of 42 Ϸ͑100/ 5͒ 5/4 is expected if carrier scattering by ionized impurities limits the mobility in this temperature range. Our results indicate that interface roughnesses and alloy composition fluctuations play a key role in limiting the carrier mobility in an ultrathin WL
In conclusion, we investigated the transport properties of excess carriers in the WL of a diluted InAs QD structure using low-voltage CL imaging with submicron spatial resolution. This method provides a direct measurement of the carrier diffusion length in the WL. An ambipolar carrier mobility of about 110 cm 2 / ͑V s͒ is estimated from the 300 K L a value. The T-dependence of the diffusion length is difficult to model but our results give valuable insights on possible scattering mechanisms in this InAs/InP system. This work was partly supported by Canadian grant funds ͑NSERC, FQRNT, and Nano-Québec͒ and by the program Frontenac, which supports France/Québec exchange graduate students. E.D. would like to thank Jean Beerens, Pierre Lafrance, and Marcel Zakorzermy for their technical support.
